We developed a novel strategy to target recombinant Newcastle disease virus (NDV) to tumor cells for gene therapy. Modifying the virus with a bispecific fusion protein allowed virus receptor-independent tumor cell binding and gene transfer. The targeting molecule aHN-IL-2 contains an scFv antibody cloned from a neutralizing hemagglutinin-neuraminidase (HN)-specific hybridoma linked to the human cytokine IL-2. A recombinant NDV expressing the enhanced green fluorescent protein (NDFL-EGFP) was applied to show the expression of foreign genes in virus-infected tumor cells. At 24 hours after infection with the modified virus (NDFL-EGFP/aHN-IL-2), FACS analysis and fluorescence microscopy revealed neutralization of natural infection in IL-2 receptornegative Jurkat leukemia cells, but targeted expression of EGFP in IL-2 receptor-positive human leukemia-derived MT-2 cells. The targeted gene delivery of NDFL-EGFP/aHN-IL-2 in MT-2 cells was blocked by the target ligand human IL-2. Selective virus entry to IL-2 receptor bearing tumor cells was also observed in a mixture of Jurkat and MT-2 cell lines. These results demonstrate that a recombinant NDV carrying a foreign gene can be successfully targeted to a specific tumor through a bispecific protein, which thereby increases the selectivity of gene transfer.
R esistance of malignant diseases to conventional therapies has inspired the search for novel strategies such as immunotherapy or gene therapy. Clinical antitumor vaccination studies employing Newcastle disease virus (NDV)-modified autologous tumor cell vaccine (ATV-NDV) indicated improvement of survival. [1] [2] [3] [4] [5] [6] These and other clinical data 7 suggest that NDV is an interesting antineoplastic agent for treatment of human cancer.
Recent studies showed that a reporter gene encoding human secreted alkaline phosphatase can be inserted at different positions in the RNA genome of NDV without severely affecting replication efficiency or virus yield. 8 A recombinant NDV expressing a reporter gene, the enhanced green fluorescent protein (EGFP) was also generated independently by two groups by applying reverse genetics techniques. 9, 10 The results suggest a novel potential usefulness of NDV as a viral vector for gene therapy.
The molecular biology of NDV, 11 of oncolytic strains 12 and of recombinant NDV as a vaccine vector 13 have been described. This avian paramyxovirus has a nonsegmented negative-stranded RNA genome encoding, among others, two membrane glycoproteins, hemagglutinin-neuraminidase (HN) and F, which are expressed as spike proteins in its envelope. The HN protein is involved in cell attachment and virus release, and the F protein is mediating fusion of the viral envelope with cellular membranes. NDV binds to both normal cells and tumor cells via the interaction between HN and sialic acidcontaining molecules on cell surfaces. It replicates, however, selectively in tumor cells because these make a weaker interferon response than normal cells. 14, 15 Binding to normal cells might compromise the therapeutic effect of NDV when administered systemically in vivo. In our previous animal studies, antitumor activity was observed only when NDV was injected locally but not systemically (i.v. or i.p.). 16 One of the reasons is probably that NDV binds to normal cells, and therefore does not reach the tumor cells.
In this study, we developed a model for tumor-targeted gene delivery by using the recombinant EGFP expressing NDV (named NDFL-EGFP), which is modified with a bispecific fusion protein. Bispecific molecules can be used for targeting of viral vectors to localize gene transfer to specific cell types, which may improve gene delivery and reduce immunogenicity and side effects in gene therapy. [17] [18] [19] We designed a bispecific fusion protein that simultaneously blocks native cell binding of NDV and creates a new binding specificity to a defined target. As new target we chose the interleukin-2 receptor (IL-2R). Adult T-cell leukemia (ATL) cell lines, which are infected with human T-cell leukemia virus-I (HTLV-I), uniformly express IL-2Ra chains. 20 The observation that IL-2Ra is not expressed by resting normal cells, but is expressed by a proportion of the abnormal cells in certain forms of lymphoid neoplasia, provides the rationale for the use of the IL-2Ra as a target. 21, 22 For this purpose, a singlechain antibody (scFv) with virus neutralizing activity specific for HN of NDV was fused with a cDNA encoding the human cytokine IL-2 (named aHN-IL-2). Using IL-2R
À and IL-2R þ tumor cell lines, we show that the modification of the recombinant NDFL-EGFP with the bispecific fusion protein aHN-IL-2 blocks native receptor binding to IL-2R À cells but redirects NDV to IL-2R þ cell lines in which the viral replication leads to the expression of the transgene EGFP in a very selective way. The approach will be further followed for targeting of NDV vectors to the site of metastases after systemic injection. This study first proves the principle of changing the specificity of NDV with regard to tumor cell binding and gene transfer.
Materials and methods

Cells
Dihydrofolate reductase (dhfr)-deficient CHO cells (ATCC, CRL-9096) were used for the production of the bispecific fusion protein aHN-IL-2. These cells are grown in alpha MEM containing 5% dialysed fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 10 mM methothrexate. The human Jurkat CD3 cell line that was sorted from Jurkat cells for CD3-positivity was grown in RPMI-1640 medium supplemented with 5% inactivated FCS, 2 mM L-glutamine, 2% HEPES and 100 U/ml penicillin-100 mg/ml streptomycin. MT-2, an HTLV-1 transformed T cell line, was kindly provided by Dr. Masahiko Makino (Department of Microbiology, National Institute of Infectious Disease, Tokyo, Japan). MT-2 cells were propagated in the same RPMI-1640 medium supplemented with 10% FCS. All reagents were purchased from Gibco Life technologies (Karlsruhe, Germany) except for the dialyzed FCS, which was purchased from Biochrom (Krefeld, Germany) and for the methotrexate, which was obtained from Calbiochem-Novabiochem (Schwalbach, Germany). All cell lines were maintained at 371C in a humidified atmosphere of 5% CO 2 .
Antibodies and cytokines
Mouse anti-HN monoclonal antibody (HN.B mAb, IgG 2a) and mouse anti-F mAb lcii (IgG1) were kindly provided by Dr Iorio (Department of Molecular Genetics and Microbiology, University of Massachusetts, Medical School, MA). Anti-F scFv with an E Tag epitope sequence was derived via recombinant scFv technology from immune spleen cells of the mice which had been immunized with NDV-Ulster. All three molecules were used in flow cytometry to detect NDV viral antigens on host cell surfaces. Anti Histidin-Tag mAb and its FITC conjugated form (both from Dianova GmbH, Hamburg, Germany) was used for the characterization of bispecific fusion protein aHN-IL-2. Mouse anti-E Tag antibody was purchased from Amersham Biosciences (Freiburg, Germany). Goat F(ab 0 ) 2 anti-mouse Ig-RPE was obtained from Southern Biotechnology Associates, Inc. (Birmingham, AL). Anti-human IL-2Ra mAb was obtained from R&D Systems (Wiesbaden, Germany). rhIL-2 was purchased from Promokine (PromoCell GmbH, Heidelberg, Germany).
Construction of a recombinant NDFL-EGFP
A DNA fragment containing the gene encoding the EGFP was obtained by means of PCR using plasmid pEGFP (Clontech BD Biosciences, Alphen aan den Rijn, The Netherlands) as a template. The DNA fragment containing the EGFP gene was inserted into plasmid pNDFL þ 23 between the transcription-start box of the NP gene and the NP open reading frame. In order to allow transcription of downstream genes, a synthetic nucleotide sequence corresponding to the consensus transcription-end and transcription-start box (ATTAAGAAAAAATACGGG TAGAAG) of NDV was inserted behind the EGFP gene. The resulting plasmid was used to rescue recombinant NDV as described previously. 23 Rescued virus (designated NDFL-EGFP) was propagated in the allantoic cavity of 10-11-day-old specific pathogen-free embryonated eggs, which were incubated at 37-381C. Allantoic fluid was harvested 48 hours after inoculation. The virus titer (TCID 50 /ml) was 10 7.9 . Single-step growth curves indicated that replication of the virus that carried the EGFP gene did not differ significantly from the parent strain NDFL þ (data not shown).
Other NDV strains
Nonvirulent recombinant NDFL þ virus was generated from a cDNA clone of NDV strain LaSota. 23 NDVUlster 2C was obtained in 1984 from Dr PH Russel (University London, England). All viruses were propagated in embryonated chicken eggs, harvested from the allantoic fluid, purified by ultracentrifugation as described previously, 4 and cryopreserved in aliquots at À701C. The virus was quantified by a hemagglutination assay. One hemagglutination unit (HU) is defined as the smallest virus concentration leading to visible sheep erythrocyte agglutination.
Construction and expression of the bispecific fusion protein aHN-IL-2
The HN-specific scFv was elaborated from a hybridoma (HN.B) producing an HN-specific mAb using scFv recombinant technologies. The cDNA encoding the human IL-2 was derived from the plasmid pFC54.t (ATCC, Rockeville, MD). In order to assemble these two sequences into a mammalian expression vector (kindly provided by Dr P Ba¨uerle, Micromet, Martinsried, Germany), appropriate restriction sites were inserted by PCR at both ends of these sequences. The obtained fragments were cloned in this plasmid upstream of a dhfr gene in such a way that the expression of both genes in the cistron remains under the control of the same elongation factor promotor (hEF-A).
The resulting plasmid was transfected into dhfrdeficient CHO cells by electroporation. Clones that were expressing the desired protein in an efficient way were selected. The production was performed in high density cell culture systems (Integra Biosciences, Fernwald, Germany). The produced protein containing a His tag was purified by IMAC. It was then characterized for its binding to NDV and IL-2R by flow cytometry. The purity was assessed by Coomassie staining after migration of the purified proteins on SDS-PAGE gels. The size of the molecule was checked by Western blot. For that, after SDS-PAGE (12.5% acrylamide) and electroelution onto polyvinylidene difluoride membranes, proteins were detected with anti-Flag mAb (Sigma, Taufkirchen, Germany) and goat anti-mouse IgG horseradish peroxidase (HRP)-conjugated Ab (Jackson Immunoresearch, distributed by Dianova GmbH, Hamburg, Germany). Blots were developed with the Lumilight Plus substrate (Roche Molecular Biochemicals, Mannheim, Germany).
Modification of NDV with bispecific fusion protein aHN-IL-2
Modification of NDV was performed by incubation of NDV with appropriate amounts of aHN-IL-2 for 1 hour on ice.
NDV binding and infection of tumor cells. Tumor cell suspensions were washed twice with FCS-free RPMI-1640 medium and 1 Â 10 7 cells were incubated with 100 HU (or 10 HU) of NDV or the same doses of modified NDV/ aHN-IL-2 in a final volume of 1 ml for 1 hour at 371C in a CO 2 incubator. During the incubation, cells were shaken every 15 minutes. The cells were then washed twice and either stained with antibodies and analyzed by FACS to measure the bound virus or the cells were further cultured for 24 hours to allow for viral replication. After staining with NDV-specific antibodies, viral replication could be monitored by flow cytometry as described below. EGFP fluorescence was observed either via flow cytometry or fluorescence microscopy. Cytospin and fluorescence microscopy. Cells were harvested after infection with NDFL-EGFP or modified NDFL-EGFP/aHN-IL-2 for 24 hours. Single cell suspensions were dispersed onto slides using a Cytospin Centrifuge (Cytospin 2, Shandon, UK) at 700 rpm for 4 minutes with low acceleration. EGFP fluorescence was examined using a fluorescence microscope with FITC filter set (Carl Zeiss, Oberkochen, Germany).
CFSE staining. To differentiate cells from a mixture of two different cell populations, one of them was first stained with CFSE (Molecular Probes, Leiden, The Netherlands). Briefly, before mixing the same number of Jurkat and MT-2 cells, either Jurkat or MT-2 cells were first washed twice with PBS at room temperature, and then incubated for 10 minutes at room temperature in the dark with CFSE (made from a 0.5 mM stock of CFSE in tissue culture grade DMSO). The optimized final concentration in PBS was 2 mM for Jurkat cells and 8 mM for MT-2 cells. The reaction was quenched with PBS containing 10% FCS.
Results
Characterization of the bispecific fusion protein aHN-IL-2
In order to block the native cell binding site of NDV and confine its tropism to IL-2R þ human ATL cells, the bispecific protein aHN-IL-2 was constructed (Fig 1a) . In this fusion protein, the anti-HN scFv was derived from the hybridoma HN.B which can inhibit virus-cell binding. As a consequence, the HN.B mAb was able to block viral infection by over 90% (Fig 2a) , while anti-F mAb neutralized maximally 50% of NDV infection in human leukemia-derived T cells MT-2. These results prompted us to use HN.B and to construct the bispecific protein from it.
The new bispecific protein was produced in CHO cells and purified by immobilized metal affinity chromatography (IMAC) (Fig 1b and c) . We first investigated its virus neutralization capacity and its binding properties towards HN. FACS analysis showed that IL-2Ra is not expressed at the surface of the Jurkat CD3 cell line. This observation was correlated with the absence of binding of aHN-IL-2 to these cells. When NDFL-EGFP was preincubated with different amounts of aHN-IL-2 for 1 hour on ice before being added to the Jurkat CD3 cells and the cells were then incubated for 24 hours, expression of EGFP by NDFL-EGFP was inhibited (Fig 2b) . The 50% inhibitory concentration of aHN-IL-2 was 6.7, 5.9 and 2.5 mg/ml when using NDFL-EGFP at 100 HU, 10 HU or 1 HU per 10 7 cells, respectively. When Jurkat cells were first incubated with NDV-Ulster for 1 hour at 371C to expose viral HN molecules, aHN-IL-2 was found to bind to these Jurkat-NDV cells in a dose-dependent manner (Fig 3a) .
Selective gene transfer by recombinant NDV H Bian et al
Next we investigated the binding properties of aHN-IL-2 towards the IL-2 receptor (IL-2R). For this purpose, we used the HTLV-1-transformed T-cell line MT-2, which constitutively expresses high levels of human IL-2Ra. Figure 3a shows the dose-dependent binding of aHN-IL-2 to MT-2 cells. This binding could be blocked by the addition of anti-human IL-2Ra antibody, demonstrating the true binding of the aHN-IL-2 protein to the IL-2Ra (Fig 3b) .
Alteration of the binding specificity of NDV by aHN-IL-2
We next tested the effect of aHN-IL-2 on the binding specificity of NDV. For that, NDFL-EGFP was preincubated with different amounts of aHN-IL-2 for 1 hour on ice. Then this modified virus (NDFL-EGFP/aHN-IL-2) was used to bind to IL-2R À (Jurkat) and IL-2R þ (MT-2) cells for 1 hour at 371C. 
Selectivity of NDV entry by aHN-IL-2 in a mixture of target positive and negative tumor cell lines
To demonstrate the selectivity of retargeted NDV entry to IL-2R þ tumor cells, we designed a 24-hours virus infection assay with two target tumor cell populations, which had been differentiated by labeling with carboxyfluorescein diacetate succinimidyl ester (CFSE) before mixing. Virus entry and replication, which is associated with amplification of cell surface expression of HN and F molecules, 14 was evaluated quantitatively by FACS analysis using anti-F antibodies. Without aHN-IL-2, the parental strain NDFL þ infected both cell types (labeled and unlabeled). In the presence of aHN-IL-2, however, (Fig 4) .
Selective gene transfer via NDFL-EGFP by aHN-IL-2
Optimal infection in Jurkat and MT-2 cells by native NDFL-EGFP was observed at 24 hours. At this time point, we saw maximal cytoplasmic EGFP expression and maximal density of cell surface expressed HN and F molecules (data not shown). To test for maximal retargeted infection, we followed EGFP expression in MT-2 cells at 24 hours post-infection. An optimum was seen when using 12 mg/ml aHN-IL-2 and 10 HU NDFL-EGFP in a volume of 50 ml. Under the optimized conditions, both flow cytometry and fluorescence microscopy revealed the difference between native and retargeted gene transfer of NDFL-EGFP in IL-2R À Jurkat and IL-2R þ MT-2 cells (Fig 5) . Expression of EGFP by native NDFL-EGFP was stronger in Jurkat cells than in MT-2 cells (Fig 5a and b, thin black line) . In contrast, expression of EGFP by modified NDFL-EGFP/aHN-IL-2 was stronger in MT-2 cells (85.1%) than in Jurkat cells (5.4%) (Fig 5a and b, bold black line) . The retargeted delivery of the reporter gene EGFP was confirmed by fluorescence microscopy (Fig 5c) .
Specific target inhibition
If the retargeted virus entry was truly dependent on specific recognition of the IL-2 receptor, then the receptor ligand IL-2 should be capable of competitive inhibition. This was indeed the case. Retargeted expression of EGFP in MT-2 cells 24 hours after infection by NDFL-EGFP/ aHN-IL-2 could be blocked by recombinant human IL-2 (rhIL-2). FACS data revealed that 86% of retargeted delivery of the transgene was inhibited with 5 mg of rhIL-2 (Fig 6) . CD38, 28 and human carcinoembryonic antigen 29 ). By fusing scFv anti-CD20 antibody to the C-terminus of the hemagglutinin of an attenuated MV, Bucheit et al 27 showed that the growth of CD20 þ tumor cells was retarded by the modified MV as compared with the nonmodified virus. Recent studies showed that NDV, an avian paramyxovirus can be genetically modified by insertion of foreign sequences by reverse genetics. This technology provides a promising novel RNA vector to deliver and express therapeutic genes for cancer gene therapy. [8] [9] [10] 23, [30] [31] [32] We here describe a new procedure to alter the binding specificity of recombinant NDV to make it more tumorspecific for systemic application. This was achieved by using an aHN-IL-2 bispecific fusion protein that neutralizes the receptor binding site of the HN-protein and which introduces a new binding moiety, in this case the cytokine IL-2. Attachment of the fusion protein aHN-IL-2 allowed the virus to bind to IL-2 receptor positive but not to IL-2 receptor negative tumor target cells. Selective binding to the IL-2 receptor enabled the virus to infect tumor cells expressing this receptor and to replicate within them efficiently, thereby leading to strong expression of the transgene EGFP.
Although NDV selectively replicates in tumor cells, its broad binding properties, including normal cells and tumor cells, is a disadvantage for systemic application. It is therefore necessary to limit the binding of NDV to tumor cells when NDV is administered systemically. In this regard, we developed this new strategy.
Bispecific reagents have been used in different virus vectors, for example adenovirus, 33 and adeno-associated virus. 34 By employing a bispecific antibody consisting of an anti-Ad knob monoclonal Fab fragment conjugated with an anti-EGFR Ab, Miller et al 35 achieved EGFR specific gene transfer and significantly enhanced adenoviral gene delivery in 7/12 established glioma cell lines. Others used a retroviral vector preloaded with a viral receptor-ligand bridge protein to target cells expressing EGFR. 36 In this study, we report the first attempt to target NDV to IL-2R-positive cells via the bispecific fusion protein aHN-IL-2. IL-2Ra/p55 (Tac, CD25) is overexpressed on leukemia cells of almost all ATL patients and HTLV-1-infected T-cell lines. 20, 37 By complexing NDV with aHN-IL-2, we have blocked the natural cell-binding site of the HN protein while simultaneously supplying a binding alternative with IL-2. This modified virus showed 2. 14 In addition, NDV infection of tumor cells led to paracrine stimulation of high amounts of IFN-a production in human peripheral blood mononuclear cells via the cell surface-expressed viral HN protein 15 and via the cytoplasmic viral dsRNA, 39 which activates Toll-like receptor 3 (TL-R3). 40 By targeting NDV with a therapeutic gene to the site of a tumor or of metastases, Selective gene transfer by recombinant NDV H Bian et al
